Bittern, as a byproduct of salt manufacture, is abundant in China. The researches and developments for seawater bittern have mainly focused on the reuse of magnesium, calcium, lithium, and boron. However, the utilization rate is less than 20%. The large amount of unused bittern has become a challenge that attracts much attention in academic and industry areas. In this paper, three kinds of layered double hydroxides (LDHs) were synthesized from bittern using a coprecipitation method and characterized by X-ray diffraction (XRD). The XRD results showed that the three kinds of LDHs(MgAl-LDHs, MgFe-LDHs and MgAlFe-LDHs) were successfully synthesized. Then, the flame retardant properties and thermal properties of the three LDHs in ethylene vinyl acetate (EVA)/LDHs composites had been tested by cone calorimeter test (CCT), limiting oxygen index (LOI), smoke density test (SDT), and thermogravimetry-Fourier transform infrared spectrometry (TG-IR). The CCT results showed that the heat release rate (HRR) of all three kinds of EVA/LDHs composites significantly decreased compared with that of pure EVA, and the EVA/MgAlLDHs composites had the lowest PHRR value of 222.65 kW/m 2 . The LOI results showed that EVA/MgAl-LDHs composites had the highest LOI value of 29.8%. The SDT results indicated that MgAl-LDHs were beneficial to smoke suppression. TG-IR results showed that EVA/MgAl-LDHs composites had a better thermal stability.
Introduction
Seawater bittern, or called brine, is a byproduct of salt manufacture, which is generally regarded as a typical solid waste [1] . As the world's largest producer of sea salt, about 2×10 7 cubic meters of bittern was produced every year in China. Though the bittern resources are very rich in China, the utilization rate is low, even less than 20%. Large amount of waste bittern has become a challenge that attracts much attention in water industry [2] [3] [4] . The byproduct is rich in magnesium, potassium, bromine, etc. Its Mg 2+ content is about 32 g/L, as 27 times as that of seawater [5] , so bittern is considered to be one of the ideal resources to extract magnesium salt.
At present, the methods to reuse bittern mainly focused on the purifications of magnesium, potassium, bromine, and lithium products [6, 7] . Besides, bittern has also been used as efficient chemicals to treat sewage [8] [9] [10] . Moreover, bittern can also be used as coagulant along with lime, and the results showed that the amount of lime/bittern coagulation had great effects on the characteristics and quantities of sludge and then in turn influence the sewage disposal results. Bittern also has some interesting agricultural uses [11] [12] [13] . For example, P.A. Davies [1] used bittern as a source of liquid desiccant for cooling to greenhouses, which makes crop a good production in hot climates. Furthermore, Xu Hui [14] prepared superfine magnesium hydroxide flame retardant using bittern and ammonia, and the properties of the products are so good that can be applied as flame retardant additives of polymers. In this paper, bittern is used to prepare layered double hydroxides (LDHs), which is another environmental friendly flame retardant.
LDHs are called anionic layered clays, and its general formula can be described by [M 1-x 2+ M x 3+ (OH) 2 ]A x/n n-⋅mH 2 O. M 2+ is for divalent metal ions, M 3+ for trivalent metal ions, and A n-for interlayer anion [15] . Typical LDH is Mg 6 Al 2 (OH) 16 CO 3 ⋅4H 2 O and its structure is similar to Mg(OH) 2 [16] . Because of their special structure, it have been widely used as flame retardant, catalyst [17, 18] , medicine [19, 20] , for treating of wastewater [21] , and so on. As a 2 Advances in Polymer Technology flame retardant, it has advantages such as nonhalogenated, nontoxic, and no corrosive gas generation when added into polymer matrices [16] . In recent years, LDHs and many other kinds of green derived materials have been used as efficient flame retardant materials [22] [23] [24] [25] . In this paper, three kinds of LDHs (MgAl-LDHs, MgFeLDHs, and MgAlFe-LDHs) were synthesized based on bittern by a coprecipitation method and characterized by XRD and TGA. Then, they were used into EVA as a flame retardant. And the flame retardant properties and thermal properties of these EVA/LDHs composites have been tested by LOI, CCT, SDT, and TG-IR. Actually, this is the first time that LDHs have been synthesized from bittern and then used as efficient flame retardant materials for EVA. We believe that this work will broad the way for the reuse and recovery of solid waste.
Experimental

Materials.
Bittern was supplied by Weidong Chemical Saltwork. It contains Mg (31882.64 g/g), K(4284.47 g/g), Na(31854.06 g/g), Fe(12.04 g/g), Al(5.08 g/g), Cr(6.58 g/g), and Zn(1.99 g/g). The result is examined by inductively coupled plasma atomic emission spectrometry (ICP-AES). EVA with vinyl acetate of 18% was bought from Beijing Eastern Petrochemical (China).
Syntheses of LDHs
Synthesis of MgAl-LDHs. Bittern was prepared after filtration. Then, AlCl 3 ⋅6H 2 O and bittern were mixed with M 2+ /M 3+ molar ratios of 3.0/1.0(Solution A). The solution of strong base which contained 0.4mol⋅L −1 Na 2 CO 3 , 1.5mol⋅L −1 NaOH was prepared (Solution B). Then, solutions A and B were added at the same speed to a three-necked flask with the condition of water-bath heating and constant speed stirring. The stirring speed kept unchanged and the temperature was 80 ∘ C. After the reaction finished, the reaction product was washed to pH=7 and dried at 80 ∘ C to obtain MgAl-LDHs. 
Synthesis of
Preparation of EVA/LDHs
Composites. The LDHs samples and EVA were added into a mixer together and were melt-compounded at 120 ∘ C for 10 min. Then, the mixtures were compression-molded at 120 ∘ C into sheets under a pressure of 10 MPa for 10 min. Last, the sheets were cut into different sized specimens for flame retardant tests. In this work, the additive level of all samples was 50%, and the samples were named EVA0 (pure EVA), EVA1 (containing 50% MgAl-LDHs), EVA2 (containing 50% MgFe-LDHs), and EVA3 (containing 50% MgAlFe-LDHs).
Experimental Equipment
X-Ray Diffraction (XRD)
. XRD results were recorded on a Philips X'Pert Pro Super apparatus (Nicolet Instrument Co., Madison, WI) using Cu Ka radiation with a nickel filter (wavelength =1.5418Å) at a scan rate of 0.0167 ∘ /s.
Thermogravimetric Analysis (TGA).
TGA of the cured sample was performed using a DT-50 (Setaram, France) instrument. About 10.0 mg of sample was put in an alumina crucible and heated from 25 to 700 ∘ C. The heating rate was set as 10 K/min (nitrogen atmosphere, flow rate of 20 ml/min).
Scanning Electron Microscopy (SEM).
The SEM studies were performed using a Hitachi X650 scanning electron microscope at an accelerating voltage of 8 kV.
Cone Calorimeter Test (CCT).
The CCT (Stanton Redcroft, UK) were performed according to ISO 5660 standard procedures. Each specimen was in size of 100×100×4 mm 3 , and it was wrapped in aluminum foil and exposed horizontally to an external heat flux of 50 kW/m 2 . 
Limiting Oxygen Index (LOI
Smoke Density Test(SDT).
A Smoke density test machine JQMY-2 (Jianqiao Co, China) was used to measure the smoke characteristics according to ISO 5659-2(2006). Each specimen of dimensions 75×75×2.5 mm 3 was wrapped in aluminum foil and exposed horizontally to an external heat flux of 25 kW/m 2 with or without the application of a pilot flame.
Thermogravimetry-Fourier Transform Infrared Spectrometry (TG-IR).
The TG-IR instrument consist of a thermogravimeter (TG2009 F1, Netzsch Instruments, Germany), a Fourier transform infrared spectrometer (Vertex 70, Bruker Optics, Germany), and a transfer tube with an inner diameter of 1 mm connected to the TG and the infrared cell. The investigation was carried out from 30 to 800 ∘ C at a linear heating rate of 10 ∘ C/min under the nitrogen flow rate of
Results and Discussion
3.1. XRD of LDHs. XRD patterns of three kinds of LDHs are shown in Figure 1 . All the LDHs samples showed peaks at 12, 24, 35, 39, 61, and 62, which correspond to the characteristic peak of (003), (006), (009), (015), (110), and (113). The diffraction peak of (003) is a typical characteristic peak of the hydrotalcite-type materials and the high intensity indicating the good crystallinity degree. Moreover, the crystal planes of peaks (110) and (113) high degree of regularity among anion layers [26] . The unit cell parameter a represents the average distance between two metal ions in the layers and c represents the layer spacing of the materials. The value a of three samples is all 0.31nm and the value c is 2.31nm, 2.34nm, and 2.35nm, which are close to the value previously reported [27, 28] . And it proves that LDHs can be synthesized successfully using bittern with M 2+ /M 3+ molar ratios of 3.0/1.0. In addition, XRD pattern of MgAl-LDHs shows more sharper and symmetrical peaks than that of the other two, which indicating the well-formed crystalline layered structures of MgAl-LDHs [29, 30] . The c value of MgAl-LDHs is 2.31nm, lower than MgFe-LDHs and MgAlFe-LDHs, which means that the layer space is enlarged. The reason may be that the addition of Fe 3+ weakened the electrostatic attraction between the layer board and the layers.
SEM of LDHs.
The morphologies of LDHs powder are shown in Figure 2 . Agglomerates can be found in all the three kinds of LDHs samples. The average size is 500 nm, 400 nm, and 600 nm for MgAl-LDHs, MgFe-LDHs, and MgAlFeLDHs, respectively. It is clear that the particles of MgAlFeLDHs are bigger than the other two LDHs. Roughly, it can be concluded that the distribution of the particle size is small, which may contribute a better compatibility with polymer matrix.
TGA Characterization of LDHs.
Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of the LDHs are shown in Figures 3 and 4 , and related data can be found in Table 1 . It can be seen that thermal decomposition of LDHs contains two processes. The first decomposition step occurs from 100 to 300 ∘ C, with the mass loss of 17 wt%(MgAlLDHs), 13 wt% (MgFe-LDHs), and 14 wt%(MgAlFe-LDHs), respectively. During this process, LDHs lose adsorbed water on the surface and the crystallization water in the interlayer space [29, 31] . The second step occurs after 300 ∘ C with [29, 31] .
Figures 3 and 4 also show that the second decomposition temperature of MgFe-LDHs is lower than that of the other two, indicating that the addition of Fe will reduce the thermostability of LDHs. It can also be seen that MgAlLDHs lose more weight with a residue of 51 wt%, while 54 wt% and 64 wt% residue were observed for MgAlFe-LDHs and MgFe-LDHs. The reason may be that MgAl-LDHs with good crystallinity structure can accommodate more water and anions.
Flammability Behavior of EVA/LDHs Composites
CCT Results of EVA/LDHs
Composites. CCT is widely used for assessing the fire reaction behavior of polymer materials which can provide many information to describe the combustion process, such as heat release rate (HRR), mass, total heat release (THR), mass loss rate (MLR), time to ignition (TTI), and smoke production rate (SPR) [32] [33] [34] .
HRR of EVA/LDHs Composites. HRR plots of EVA/LDHs composites are shown in Figure 5 (a) and more important numerical data are listed in Table 2 . HRR refers to the heat release rate per unit area, which is one of the most important parameters of fire behaviors [35] . As is shown, the HRR curve of EVA0 (pure EVA) rises up quickly after ignition. It reaches the peak of heat release rate (PHRR) of 1645.88 kW/m 2 in only 200s and exhibits a TTI of 38s. When 50 wt% LDHs were introduced into pure EVA, the values of PHRR and TTI decreased significantly in comparison with virginal EVA. Firstly, the PHRR of EVA1 ∼ EVA3 were all below 320 kW/m 2 . Secondly, the TTI was prolonged to 44∼72s. As a result, significant improvement in the fire retardant properties was observed by addition of LDHs into EVA.
From Figure 5 (a) and Table 2 , we can also see that EVA1(with MgAl-LDHs) has a better fire retardant performance. EVA1 shows a lowest PHRR value of 222.65 kW/m 2 , while the value of EVA2 (with MgFe-LDHs) and EVA3 (with MgAlFe-LDHs) is 311.87 kW/m 2 and 286.96 kW/m 2 , respectively. Moreover, the ignition time of EVA1 is 72s, while the value for EVA2 and EVA3 is 44s and 48s. This phenomenon fits well with the XRD and TGA results, indicating that a good crystallinity structure may be beneficial to improve the fire retardant properties. trend with HRR for EVA0∼EVA3. EVA0 completes the burning process quicker compared with EVA1∼EVA3. Pure EVA left almost nothing after combustion, while the residue rate for EVA1∼EVA3 is 32%, 31%, and 37%, respectively. For EVA1∼EVA3, a charred layer may be formed at the beginning of the combustion, which can slow down the combustion process. Besides that, LDHs can release CO 2 under high temperature, which can cover the flame and dilute flammable gas. With the development of combustion process, the charred layer begins to break, resulting in large mass loss of the composites.
SPR of EVA/LDHs
Composites. SPR is used to evaluate the rate of smoke generation. As shown in Figure 5 (d), the SPR curve of EVA0 rises up rapidly, and it reaches the peak of SPR (PSPR) in only 195s. In comparison with pure EVA, the curves of EVA1∼EVA3 are more flat and the PSPR values decrease. Moreover, the time to PSPR is prolonged to 630s, 420s, and 475s for EVA1∼EVA3. The phenomenon fit well with the curves of HRR, indicating that smoke emission of EVA is retarded by added LDHs.
Digital Photos of Residues. Figure 6 exhibits the residues of EVA/LDHs composites after CCT. It is clear to see that EVA0 sample leaves no charred residues at the end of combustion. From Figure 7 , it can be seen that the charred residues of EVA2 and EVA3 are compact and integrated, while the charred residue of EVA1 is loose and incomplete. The possible reason is that the addition of Fe element is helpful to form a better charred layer. Moreover, CO 2 and metallic oxide may 6 Advances in Polymer Technology be produced from destroyed LDHs under high temperature, which can lower the temperature and dilute combustible gas.
LOI Results of EVA/LDHs
Composites. Limiting oxygen index (LOI) is a qualitative method to evaluate the flame retardancy of polymeric materials [36] . Figure 7 presents the LOI values of all samples and the value of pure EVA is only 19.8%, which increases by addition of LDHs. The LOI value for EVA1 reaches up to 29.8%, the most one among three samples. These results are consistent with the results mentioned above.
SDT of EVA/LDHs
Composites. SDT is usually used to evaluate the smoke suppression character, which gives detailed information about the smoke production [33] . As is shown in Figure 8 , the EVA0 sample produces a great amount of smoke and its luminous flux gets to 0% in a short time. In Figure 8 (a), when a flame source is used, EVA1 produces less smoke than EVA2 and EVA3 before 1100s. After 1100s, EVA1 produces more smoke than EVA2, which may be owing to the fact that the char layer formed by EVA1 is not compact and is broken under high temperature. In Figure 8 (b), the smoke production of EVA2 is the largest. These results fit well with the CCT results, indicating that LDHs can suppress the smoke production. Good performances of the composites in SDT test are due to the decomposition of LDHs and the following formed char layer, which have been mentioned previously. It should also be noticed that when a flame source is used, the sample produces less smoke, which can be ascribed to the materials' incomplete combustion. The solid particles produced by incomplete combustion will immediately transfer to the gas phase, increasing the amount of smoke [34] . Step 2 takes place in the range of 390∼500 ∘ C with T max of 471 ∘ C, only 0.05% residue left at the end of this process. During this step, the main chain of EVA begins to rupture, producing olefins like butene and ethylene [36] .
TG-IR of EVA/LDHs Composites
Different from pure EVA, pyrolytic decomposition of the EVA/LDHs composites can be accomplished in three steps. In general, EVA1 shows better thermal stability than the other two samples. For EVA1, the first step occurs in the range of 100∼250 ∘ C with T max of 215 ∘ C; LDHs lost the water bounded in the interlayer space in this step. The second step occurs in the range of 250∼390 ∘ C with T max of 357 ∘ C, which corresponds to the dehydroxylation and decarbonization of LDHs. And the third step occurs after 390 ∘ C with T max of 472 ∘ C, which is attributed to the decarboxylation and main chain rupture of EVA. For EVA2, T max of three steps are 134, 364, and 472 ∘ C. For EVA3, T max of three steps are 173, 363, and 472 ∘ C. It is obvious to see that the temperature of pyrolytic decomposition is lower than that of EVA1. Moreover, EVA1 ends up pyrolytic decomposition with a residue of 28.6 wt%, while the values for EVA2 and EVA3 are 36.5 wt% and 26.6 wt%, respectively. This phenomenon fits well with the TGA results of LDHs. That is to say, MgAl-LDHs can accommodate more water and anions, resulting in the largest mass loss among three samples.
FTIR Characterization of the EVA/LDHs
Composites. 3D TG-FTIR spectra of pyrolysis products of the pure EVA and EVA/LDHs composites during the thermal degradation are depicted in Figure 11 . The figures show that the gas products of the four samples exhibit characteristic bands at 3400−4000 cm [33, 37, 38] . It is clear that pure EVA produces more carboxylic acid and aliphatic hydrocarbon, while EVA/LDHs composites produce more CO 2 during the thermal degradation. This phenomenon fits well the TG results.
The characteristic FTIR spectrum of pyrolysis products of EVA0∼EVA3 in the temperature range of 30∼900 ∘ C during the thermal degradation is shown in Figure 12 . As shown, there is almost no infrared signal for pure EVA below 300 ∘ C. However, a peak attributed to CO 2 can be seen at about 295 ∘ C for EVA1 and EVA2 and about 225 ∘ C for EVA3. It means that the EVA1∼EVA3 begin to decompose at this temperature, while pure EVA do not decompose under this situation. The intercated CO 3 2-in LDHs is the main reason for the released CO 2 from EVA/LDHs composites.
With the raise of the temperature, the signals of CO, CO 2 , and H 2 O could be detected. The fact is that pure EVA produce more carboxylic acid than EVA1∼EVA3. The reason may be that LDHs can transfer carboxylic acid into CO 2 and H 2 O. As is shown in Figures 11 and 12 , a sharp peak at about 460 ∘ C appears for all the samples, which means aliphatic hydrocarbons generated. The detected signals of aliphatic hydrocarbons certificate the ruptures of main chain. When LDHs are added into EVA, the release of aliphatic hydrocarbons is decreased significantly and the temperature at which main chain break gets lower slightly. Figure 13 shows some detailed data about the pyrolysis products of EVA0∼EVA3 at different temperatures. From Figure 13 (a), it is clear that the H 2 O release of EVA0 is a twostep process. Pure EVA begins to release water at about 330 ∘ C and reaches its first peak at about 370 ∘ C. And the second step starts from 400 ∘ C, the release of H 2 O keeps growing along with the temperature. For EVA1∼EVA3, the process of H 2 O release has three steps, and EVA1 releases more H 2 O than other samples, which is in accordance with the DTG results above. From Figures 13(b) and 13(c) , it can be found that almost no peaks for EVA0 are observed until about 500 ∘ C, indicating that there is no released CO 2 , while peaks are found at about 350 ∘ C for EVA/LDHs samples. Moreover, the release of CO is reduced significantly when LDHs is added to EVA. It is believed that the combustion products of LDHs can promote carbon formation, resulting in the reduction of CO. It can be seen in Figures 13(d) reductions for both LDHs. When the LDHs loading was 40 wt%, the PHRR reductions for MgAl-borate and ZnAl-borate LDHs reached 74% and 77%, respectively [40] . In this work, when the LDHs loading was 50 wt%, the PHRR reductions for MgAl-LDHs, MgFe-LDHs, and MgAlFe-LDHs were 86%, 81%, and 83%, respectively, suggesting that LDHs synthesized from bittern possesses better flame retardant performance than previously reported LDHs. Moreover, it has also been reported that when ZnMgAl-CO 3 and MgAl-CO 3 LDHs were added into EVA, the LOI values of the composites could reach 34 and 40, respectively [41] . However, the highest LOI value of the LDHs/EVA composites in this work is 29.8, which is significantly lower than previous work. So it can be concluded that LDHs synthesized from bittern are promising flame retardant additives for EVA.
Conclusions
This paper has proposed a new way to reuse the byproduct of seawater bittern or brine. The waste bittern contains a great amount of Mg 2+ , which can be used to synthesize LDHs. In this study, three kinds of LDHs (MgAl-LDHs, MgFe-LDHs, and MgAlFe-LDHs) were successfully prepared from bittern using a coprecipitation method, and they were characterized by XRD and TGA. The results showed that LDHs were successfully synthesized, and the crystal structures of MgAlLDHs were better than the other ones. Then, three kinds of LDHs were added into EVA as a halogen-free flame retardant. The results from CCT, LOI, SDT, and TG-IR showed that all the three kinds of LDHs, especially MgAl-LDHs, could greatly improve the flame retardant performance and thermal Advances in Polymer Technology stability of the composites. This is the first time that LDHs have been synthesized from bittern and then used as efficient flame retardant materials for EVA. We believe that this work will broad the way for the reuse and recovery of solid waste.
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